Establishing a physiological microenvironment in vitro that is suitable for cell and tissue growth is essential for medical research. Microfluidic chips are widely used in the construction of a microenvironment and the analysis of cell behavior in vitro; however, the design and manufacture of microfluidic chips for the long-term culture of a tumor model tends to be highly complex and timeconsuming. In this paper, we propose a method for the rapid fabrication of a microfluidic chip for multi-dimensional cell co-culture. A major advantage of this method is that the microfluidic chip can be divided into several sections by micro-pillar arrays to form different functional regions to grow two-and three-dimensional cell culture on the same matrix. At the micro-scale, the surface tension between the gelatin methacryloyl-encapsulated cells and micro-pillars prevents the leakage of the hydrogel, and the hydrogel provides a three-dimensional microenvironment for cell growth. Our results of long-term cell culture and preclinical drug screening showed that cells cultured in a two-dimensional monolayer differ from three-dimensional cultured cells in terms of morphology, area, survival rate, proliferation, and drug resistance. This method shows potential for use in the study of cell behavior, drug screening, and tissue engineering.
I. INTRODUCTION
B REAST cancer is a malignant tumor with the highest incidence of any cancer in women [1] , and is a major concern for women's physical and mental health. Hence, the construction of an effective in vitro tissue model is of great significance for studying the behavior of breast cancer cells, screening anti-cancer drugs, and developing chemotherapeutic methods. Currently, frequently used methods of constructing in vitro models include two-dimensional and three-dimensional cell culture. Cells cultured in two-dimensional plates spread rapidly and gradually form a monolayer. Two-dimensional cell culture shows many advantages, including high reproducibility, excellent mass and oxygen transfer, and uniform culture conditions. Three-dimensional cell culture includes different kinds of cells cultured in carriers with a threedimensional structure and different materials to allow the cells to migrate and grow. Three-dimensional cell culture simulates the microenvironment of normal cells more accurately and more closely replicates the complex structure of tissues in vivo.
Using biologically inert polyethylene (glycol) diacrylate (PEGDA) [2] , [3] modules, Yang et al. previously produced two-dimensional cell patterns on a glass sheet [4] . Furthermore, Achyuta et al. designed a compartmentalized microfluidic chip populated with neuroglial and vascular endothelial cell monolayers to reconstitute tissue-mimetic functions in the neurovascular unit [5] . Nevertheless, two-dimensional cell culture models cannot fully simulate the microenvironment in vivo, and the differences in morphology, mechanisms of cell division, and drug resistance between two-dimensional and three-dimensional cultured cells remain unclear. Furthermore, many three-dimensional cell culture models have been developed. For example, He et al. developed a fiber-based mini tissue with morphology-controllable gelatin methacryloyl (GelMA) [6] - [8] microfibers and human umbilical vein endothelial cells (HUVECs) [9] cultured in three-dimensional microfibers [10] ; Bender et al. fabricated a digital microfluidic platform that enables the formation, gel encapsulation, and assaying of three-dimensional multicellular spheroids [11] . In addition, Fujisawa et al. manufactured a three-dimensional cell co-culture platform to create an artery-like tissue model [12] . The current process of three-dimensional culture is highly complex. With the development of drug screening, the development of straightforward methods of simultaneous two-and three-dimensional cell co-culture has become very important. Zhang et al. constructed a microfluidic-based device to study the metastasis of cancer cells in monolayer endothelial cells [13] . Similarly, Irimia et al. designed a microfluidic device to study the migration of cancer cells under conditions of mechanical confinement [14] . Finally, Yue et al. designed an on-chip self-assembly of cell-embedded microstructures bound to vascular-like microtubes by fabricating a microfluidic chip [15] .
Based on previous findings, the microfluidic chip is an effective tool not only to achieve multi-dimensional cell coculture, but also to construct in vitro tissue models to study cell behavior and perform drug screening. The major advantages of the microfluidic chip are high throughput, ease of miniaturization, and lower consumption of required reagents. However, there are still some challenges to this structure. Traditional fabrication methods of microfluidic chips include photolithography [16] , laser ablation [17] , soft lithography [18] , and others. The main advantage of photolithography is that it allows for the precise control over the shape and size of features, although a physical mask and cleanroom are needed. Although laser ablation has a simple operation process, a highpowered laser beam and expensive specialized equipment are essential. While soft lithography offers a low-cost approach to microfabrication, it requires a pre-designed mold or stamp and produces large quantities of waste material, making it quite time-consuming and limiting its flexibility. The microfluidic chip has shown excellent application potential in the biological fields, however, it still faces some challenges in its production process and operation. Nevertheless, utilizing the above methods to fabricate chips for long-term, continuous, and dynamic observations will lead to an increase in the complexity and cost of the chips.
In this work, we aimed to develop a simple co-culture model of cells based on a digital micromirror device (DMD)-based optical projection lithography (DOPL) system. The chip is divided into several parts by micro-pillar arrays to create separate functional regions. Micro-pillar arrays were designed and manufactured online and the manufacturing process was mask-free and flexible. Upon introducing the fluid-solid coupling model, the force and bending of the micro-pillar were simulated using different parameters. MCF-7 breast cancer cells [19] were used to construct our in vitro model. Multidimensional cell co-culture was achieved by injecting GelMA encapsulated with MCF-7 cells and cell solution into the different regions. An ultraviolet (UV)-cured hydrogel mixture was used to provide a three-dimensional microenvironment for cell growth; this mixture has controllable height, well-defined boundaries, and ease of localization. Through our multidimensional cell co-culture model, we aimed to intuitively compare cell behavior and drug resistance, as well as to avoid the influence of experimental variables in cells cultured separately, such as pH, cell viability, and drug concentration. The designed system may be useful for the study of cell behavior and drug screening [20] , [21] .
II. RESULTS AND DISCUSSION

A. System Design and Experimental Procedure
In order to partition different regions in the chip, a DOPL system was applied. The system was composed of two parts: the DOPL system and the microfluidic chip. As shown in Figure 1 (a), the system consists of a computer, UV laser, charge-coupled device (CCD) camera, stage, and DMD. Figure 1 (b) shows the structure of our novel microfluidic chip. The experimental process consisted of UV curing, removal of uncured PEGDA, GelMA injection, and cell solution injection (Figure 1(c) ). After bonding two pieces of glass with a spacer, the PEGDA solution was injected into the hole by a syringe pump until the chip was filled with PEGDA. Next, the designed pattern was cured using UV light, and microstructure formation occurred through cross-linking polymerization from the bottom to the top of the system until it adhered to the upper glass layer. Figure S1 shows the influence of exposure time on the height of the micro-pillar: with exposure times of 1s, 2s, 3s, and 4s, the average height of the micro-pillars was 76.2 μm, 124.8 μm, 152.2 μm and 183.8 μm respectively. The designed module heights in our chip were 40μm, 80μm, 120μm, or 160μm; thus, we determined the optimal exposure time to be 1-4s. After dividing the regions, the uncured PEGDA solution and photoinitiator were removed. Subsequently, the chip was rinsed with absolute ethanol and airdried. Thereafter, GelMA encapsulated with MCF-7 cells was injected into one region until it was filled, and then solidified with UV light. A mixture of GelMA and MCF-7 cells was then slowly injected to prevent leakage from the gap. Finally, cell solution was added and the chip was immersed in the culture medium. Because of its small size, the chip is ideal for realtime observation and long-time cell culture ( Figure S2 ). The fabrication method of the chip and the experimental process proposed in this paper are efficient and convenient.
B. Establishment of Fluid-Solid Coupling Model and Optimization of Micro-Pillars
Pre-treatment to divide the chip into distinct regions and to construct different microenvironments in vitro was achieved through the construction of micro-pillar arrays inside the chip. In our experiments, it was found that the micro-pillar array was unstable, as it was easily bent or collapsed, especially when washed with absolute ethanol. To determine the total displacement and pressure of modules under different conditions, fluid-solid coupling mode was introduced in a simulation using COMSOL Multiphysics software ( Figure 2 ). Figure 2 (a)-(d) shows the total displacement and pressure diagrams of modules with different current velocities, module gaps, module sizes, and module heights. We concluded from the results of the simulation that the gap, size, velocity, and height of the module all had a major influence on the total displacement and pressure.
The current velocity was found to be directly proportional to the total displacement and pressure, while the gap between two micro-pillars was inversely proportional to these factors. As the size of the micro-pillar increased, the total displacement decreased, while the pressure on the module increased. Variations in displacement and pressure based on height were the opposite of those based on size. Based on the predicted impact of the above parameters on the stability of the module, a designed current velocity, gap, size, and height of 0.5 cm/s, 5 μm, 100 μm, and 80 μm, respectively, were predicted to result in a micro-pillar displacement and pressure of 1.628 μm and 1,200 Pa, respectively. The determination of the above parameters is vital for the structural stability of the micro-pillars. To ensure adequate nutrient flow in the multidimensional cell culture, the gap between the modules was adjusted to 100 μm; the results of that simulation are depicted in Figure 2 (e)-(f). The total displacement of the module was predicted to be 8.5 × 10 −3 μm, and the maximum pressure exerted on the micro-pillar was predicted to be 10.26 Pa. Relative to the size of the module itself, these variables were quite small. As a result, the modules were unlikely to collapse under the influence of water flow; therefore, injecting anhydrous ethanol and cell solution would be feasible. Furthermore, we validated our simulation model through proof-of-concept experiments ( Figure S3 ). The experimental results were in good agreement with those of the simulation. Using conventional lithography methods, it can be difficult to obtain a uniform height and smooth surface, as it is difficult to accurately control the exposure time and near-Gaussian profile of the UV laser [22] . Herein, we proposed a method that utilizes a spacer to control the gap between two pieces of glass and ensure the uniformity of module height. As long as the PEGDA hydrogel is fully exposed, the surface of the modules should be smooth, and the top layer of glass will determine the height of the modules. Scanning electron microscopy (SEM) images of modules with different heights are shown in Figure 3 (a)-(d). Modules can also be designed into various shapes ( Figure S4 ). The height of the module was increased by 40 μm per spacer, and multiple layers of spacers were tested (Figure 3 (e)). PEGDA can be cured into different structures, and can form several basic module shapes (Figure 3 (f)-(m)).
Hence, we successfully constructed a microarray with a uniform height and smooth surface. Additionally, the uniformity of modules remained unchanged even when the layer of the spacer was changed. When the number of spacers reached three or even four, the module had a larger aspect ratio. The module was found to bend after the top layer of glass was removed, resulting in a larger margin for error. Owing to the flexibility and rapidity of our system, a micro-pillar array with distinct regions could be designed and cured to conform with specific requirements.
C. Analysis of Surface Tension in the Multi-Dimensional Co-Cultured Cell System
After the fabrication of structurally stable micro-pillar arrays, different microenvironments were constructed in dif- ferent regions. The surface tension [23] between the micropillars and GelMA is the main factor influencing the formation of well-defined boundaries. The chip and arrays had a controllable height, fixed location, and could be used for multi-dimensional cell co-culture. The initial concentration of MCF-7 cells was ∼2×10 6 /ml. The cell solution was mixed with GelMA solution at the ratio of 2:1(v/v), and the mixture was injected into a section enclosed by micro-pillar arrays. It can be estimated that the total number of cells embedded into GelMA hydrogels and injected into each area was about 960. Surface tension was adjusted by controlling the current velocity and injection time of the syringe pump. The surface tension inhibited the leakage of the mixture, allowing it to fill the cavity. Once the hydrogel came into contact with the micropillar array and formed a well-defined boundary, the syringe pump was closed immediately. Closing the syringe pump after the formation of well-defined boundaries effectively avoided the leakage of mixture. Figure 4 (1) where γ SV , γ LV , and γ SL represent solid-gas surface tension, liquid-gas surface tension, and solid-liquid surface tension respectively, and θ represents the contact angle.
In Figure 4 (a)-(b), w and h represent the distance between the solid-liquid contact lines and the height of micro-pillars, respectively; θ 1 represents the contact angle between GelMA and the two glass sheets; the force acting on the area wh is 0.5ρgh 2 w; and the sum of the surface tension in the same area is 2(wcosθ 1 +hcosθ)γ LV . Therefore, the surface tension was calculated as follows:
The distance between contact lines and the height of the micropillars were 150 μm and 80 μm, respectively. The density of the GelMA mixture was measured to be 1031 kg/m 3 . The contact angle θ was 69 • , and the range of cosθ 1 was 0-1.
Using equation (2), it was determined that γ LV ranged from 18.5-46.0 μN/m, and that the threshold for common liquids ranged from 16.5-465.0 mN/m (Table S1 ). The value of γ LV was substantially lower than the threshold value, indicating that surface tension successfully restricted the diffusion of the hydrogel.
Fluorescence images of multi-dimensional cell co-culture showing cell actin cytoskeletal networks stained with CytoPainter Phalloidin-iFluor 488 reagent (green) and nuclei stained with DAPI (blue) [24] were captured using an inverted fluorescence microscope (Figure 4(c) ). The designed chips showed distinct boundaries and different morphologies for co-cultured cells due to the surface tension between different culture models. No cell-cell interactions or cell invasion between different regions were observed. Figure 4(d) shows that MCF-7 cells encapsulated in the hydrogel had a spherical morphology. Three-dimensional aggregation was observed, consistent with the proliferative characteristics of tumor cells in vivo [25] . As shown in Figure 4 (e), MCF-7 cells adhered to the glass substrate showed diverse morphologies. Without the support of an extracellular matrix (ECM) [26] - [28] , traditional monolayer cultured cells can only grow adherently, thus losing their original morphological characteristics.
Our multi-dimensional cell co-culture system was successfully constructed based on surface tension and UV curing. To assess and quantify the diversity of cells, we analyzed 100 cells in a randomly selected region of the chip. Fluorescence images of the three-dimensional and two-dimensional cultured cells are shown in Figure 5 (a) and 5(b), respectively. The size of the cells observed under the microscope in the twodimensional culture varied substantially, as confirmed by the wide and uneven distribution in the sizes of the adherent cells (the majority of cells had an area of 150 μm 2 ); in contrast, cells in the three-dimensional environment showed a more concentrated size distribution, and the majority of cells had a smaller area of 70 μm 2 (Figure 5(c) ). Therefore, cells cultured in the GelMA mixture were smaller than those cultured in the two-dimensional monolayer. The aspect ratio [29] , [30] of the two-dimensional ( Figure 5(d) ) and three-dimensional ( Figure 5 (e)) cultured cells is an essential parameter for determining cell morphology. The morphology of the twodimensional cultured cells was not fixed, as the aspect ratio varied greatly, ranging from 1.0-3.75 ( Figure 5(d) ). In contrast, the aspect ratio of cells in the three-dimensional GelMA culture showed minimal variations, ranging from 1.0-1.5 ( Figure 5(e) ). Similarly, the cell size varied under different microenvironments. GelMA provides a matrix similar to that of the in vivo growth environment, and facilitated cell-cell and cell-ECM interactions [31] , [32] . The cured mixture was denser than the culture medium; cells could grow, proliferate, and metabolize in the culture medium, but their morphology and survival rates were affected.
In summary, surface tension was shown to play an important role in the multi-dimensional co-culture of cells, and the diffusion range of the GelMA-cell mixture was limited by the micro-pillar array. Simultaneously, differences in the cultivation environments caused changes in the aspect ratios and sizes of the co-cultured cells. The generation of three-dimensional cell aggregates in GelMA showed that tumor cells show consistent proliferation in vivo, and that GelMA is of great medical significance to simulate the ECM for successful threedimensional cell culture. Furthermore, a three-dimensional multi-cellular co-culture model can be constructed using our designed chip.
D. Long-Term Cell Culture and Drug Screening
Long-term cell culture is a basic requirement for our designed microfluidic chip. The survival period of twodimensional cultured cells is about 3 days. Three-dimensional culture for tissue engineering usually requires cells to be maintained with high activity over a long period; thus, the survival period for three-dimensional cultured cells can be extended to 5 days or even several weeks. For instance, Fares et al. analyzed the survival rates of MC3T3-E1 cells encapsulated in GelMA and GelMA/pectin-g-PCL hydrogels over 5 days [33] , and Pi et al. recorded the viability of vascular cells printed using a multichannel coaxial extrusion system over 14 days [34] . The cells cultured in our microfluidic chips here had similar activity to those in the above two studies. In the current experiment, we chose an observation period of 5 days, which is a relatively long period compared with that of two-dimensional cell culture. For the purpose of threedimensional cell culture, we observed changes in the survival rates and the formation of cell spheroids over 5 days, which satisfies the experimental requirements. We found that the cells could be cultured in our chip for a long time owing to the adequate supply of culture media. Unlike current methods in which nutrients and oxygen are supplied via external pipes, our designed chip can be placed directly into culture medium. Figure 6 (a)-(c) shows the live/dead staining of MCF-7 cells cultured in a monolayer for 1, 3, and 5 days. Live/dead staining of cells cultured in a three-dimensional microenvironment for 1, 3, and 5 days is shown in Figure 6 (d)-(f). Cells maintained a high viability in the microfluidic chip, and the survival rate was greater than 80% after culture for 5 days. To our knowledge, traditional microfluidic chips are equipped with external pipes to supply nutrients and oxygen [35] - [37] . The chip we designed does not require external pipes, and the culture medium was replaced once a day. The small size of the chip makes long-term, continuous, and dynamic observation possible. The survival rate of the monolayer cultured cells was slightly higher than that of the three-dimensional cultured cells ( Figure 6(g) ) because the former cells were directly exposed to oxygen and nutrients in the two-dimensional microenvironment. In addition, the co-cultured model prevents the influence of additional experimental variables that arise when cells are cultured or tested separately.
Drug screening is a major step before human trials can be performed. Statistical analysis of long-term co-cultured cells showed that the survival rate decreased over time. Therefore, drugs were added after culturing cells for 24 h to reduce the influence of the decreased survival rate on drug screening. We treated the cells with Doxorubicin HCL (Dox) [38] , a known antitumor drug, in our system. Dox displays anti-cancer effects by inhibiting the synthesis of nucleic acids in cancer cells and is commonly used for the treatment of breast cancer. The cell survival rate was evaluated by live/dead staining after culture with Dox for 12 h. As depicted in Figure 6 (h), the initial survival rate of two-dimensional cultured cells was slightly higher than that of three-dimensional cultured cells. With an increased drug concentration, the survival rate of cells in both environments began to decrease, and declined more rapidly in the two-dimensional environment. At a drug concentration of 1,000 μg/ml, the survival rate of cells in both environments was nearly 0. Figure 6 (i) shows the live/dead staining images of two-dimensional cultured cells treated with 1,000 μg/ml Dox. Images of the multidimensional cell co-culture model, as well as images of threedimensional cultured cells treated with 1,000 μg/ml Dox, are shown in Figure S5 . Monolayer cultured cells were in direct contact with drugs; in contrast, for cells mixed with hydrogel, the drug needed to penetrate the porous structures before acting on cells. Furthermore, cells in the GelMA mixture had a spheroid morphology, which forms a barrier for drug entry. These factors led to differences in the drug resistance of the cells in the two microenvironments. Figure 6 (j)-(k) shows clear SEM images of two-and three-dimensional cultured cells treated with 0.1 μg/ml Dox. At this low concentration, monolayer cultured cells could still adhere to the substrate, and lamellipodia [39] , [40] could be clearly seen; furthermore, the three-dimensional cultured cells showed a spherical morphology with smooth cell membranes. When the concentration was increased to 100 μg/ml, two-dimensional cultured cells became spherical and their surfaces appeared to shrink. Additionally, cells in the hydrogel showed a spherical morphology and the cell membranes were damaged. It was demonstrated that there were differences in morphology, area, survival rate, proliferation, and drug resistance of cultured cells in twoversus three-dimensional culture conditions. Our findings have major implications in terms of chip fabrication, cell behavior, drug screening, and tissue engineering.
III. MATERIALS AND METHODS
A. Experimental Design
Our designed system combined optofluidic maskless lithography with a novel microfluidic chip. The optofluidic maskless lithography system included a computer, UV laser, CCD camera, stage, and DMD (Texas Instruments, Inc., Dallas, TX, USA). The computer was utilized to design a pattern and load it into the DMD. The DMD is made up of 1024 × 768 micromirrors, and the mirrors, which form the designed pattern, are rotated at 12 • to reflect UV light with an incident wavelength of 365 nm. The UV laser was equipped with an adjustable power setting and a maximum intensity of 50 mW. The average power for UV radiation was 53.33 mW/cm 2 . UV light from the projection optic cures the hydrogel into the designed pattern, and the pattern is captured with a CCD camera.
The microfluidic chip consists of two pieces of glass bonded by a spacer, and the gap between the pieces of glass can be adjusted by adding multiple layers of the fixed-height spacer. The size of the upper glass was 22 mm × 22 mm, and that of the lower glass was 24 mm × 24 mm. Two holes with diameters of 200 μm were drilled into the top glass layer. The hydrogel mixture and cell solution were injected into different regions of the chip through these holes. The micropillar array, which was cured with PEGDA, separated the two holes so that one hole would connect to only one area. Before immersing the chip in the medium, light-curing glue [41] was added to the gap at the four corners and cured by UV light to ensure the stability of the chip.
B. Selection of Hydrogel
We selected PEGDA as the photo-curable polymer, and diphenyl(2,4,6-trimethylbenzoyl)-phosphine oxide (TPO) as the photoinitiator. Under UV light exposure, TPO produces free radicals that open the carbon-carbon double bonds in PEGDA; the active single chains then combine with each other to form a long chain [42] . This reaction occurs over the exposed area and lasts for several seconds (<5 s). In detail, 20% PEGDA (Mn 700, Sigma Aldrich, St. Louis, MO, USA) was mixed with 79.5% ethyl alcohol and stirred magnetically for 30 min. Then, 0.5% TPO (Sigma Aldrich) was added to the solution and stirred magnetically for 30 min. Finally, the solution was placed in a centrifuge tube and wrapped with tin foil to protect it from light. Crosslinked GelMA has a porous morphology and excellent biocompatibility, both of which are beneficial for the circulation of nutrients and the discharge of metabolic waste. Furthermore, 2-Hydroxy-4 -(2-hydroxyethoxy)-2-methylpropiophenone (MW 224.25 g/mol, Sigma Aldrich) was selected as the photoinitiator owing to its good biocompatibility. In detail, 1 g GelMA was added to 10 ml phosphate-buffered saline (PBS) and stirred magnetically for 30 min. Next, 0.05 g 2-Hydroxy-4 -(2-hydroxyethoxy)-2-methylpropiophenone was added to the prepolymer solution. The above processes were performed in the dark.
C. Establishment of Fluid-Solid Coupling Model
Fluid-solid coupling is a phenomenon that occurs due to the interactions between fluids and solids. To understand the effects of force and deformation of the micro-pillars in the chip, a fluid-solid coupling simulation was designed using COMSOL Multiphysics software (COMSOL Inc, Burlington, MA, USA). The following parameters were used in the simulation: the density and dynamic viscosity of absolute ethanol are 766.4 kg/m 3 and 0.001 pa·s, respectively. PEGDA, which was solidified into micro-pillars, has a density of 949.5 kg/m 3 ; Young's modulus is 235 kPa; and Poisson's ratio is 0.48. The current velocity, gap, size, and height were designed as 0.5 cm/s, 100 μm, 100 μm, and 80 μm, respectively, and the displacement of micro-pillars and the pressure applied were negligible.
D. Preparation of Cell Samples
MCF-7 breast cancer cells were cultured in RPMI-1640 medium (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Cells were incubated at 37 • C with 5% CO 2 . After the treating cells with trypsin for 3 min, a pipette was used to remove excess solution. Then, the pipette was used to remove RPMI-1640 and to blow cells onto the substrate to obtain a suspended cell solution. A syringe pump was utilized to draw the cell solution, and the solution was injected into the chip.
E. Long-Term Cell Culture and Fluorescent Staining of Cells
The eclipse Ti microscope (Nikon, Tokyo, Japan) is composed of a camera head, platform, cell incubator chamber, lens, control device and imaging software. The cell incubator chamber is equipped with a heater to maintain the cell culture temperature at 37 • C. Deionized water was injected into the cell culture chamber to maintain its humidity. The carbon dioxide content in the chamber was kept at 5% by an external carbon dioxide tank. After completing the above preparations, imaging software was used to carry out observations during the long-term cell culture period.
In order to further observe changes in the morphology and state of cells, nuclei and actin filaments were stained. Cells were fixed with 4% paraformaldehyde for 10 min, and their morphology was confirmed to be unchanged. Next, cells were rinsed twice with PBS and immersed in CytoPainter Phalloidin-iFluor 488 reagent for 90 min. They were rinsed again with PBS and immersed in DAPI for 10 min. Finally, the cells were rinsed with PBS twice more to remove excess dye.
For live/dead staining of MCF-7 cells, 10 μL Calcein-AM and 15 μL propidium iodide (PI) were mixed in 6 mL PBS. The cells in the microfluidic chip were covered in dye solution and incubated for 15 min. Next, the dye solution was removed, and the chip was washed three times with PBS. The dyeing process was performed at room temperature in the dark. An inverted fluorescence microscope was used to photograph the fluorescence images.
IV. CONCLUSIONS
This study focused on the rapid fabrication of a microfluidic chip for multi-dimensional cell co-culture and cell behavior studies, as well as for drug screening. The micro-pillar array was manufactured by mask-free lithography to divide the chip into different regions, and the height of the array could be controlled by using multiple layers of the spacer. The instability of micro-pillar is overcome by simulation and actual experiments, and it is proved that the experimental scheme is workable. Owing to the effect of surface tension, GelMA encapsulated with cells was trapped in the designated areas. In our multidimensional cell co-culture model, significant differences in morphology and area were revealed between monolayer cultured cells and three-dimensional cultured cells. Furthermore, long-term cell culture and real-time observation were possible with the chip, and the survival rate and drug resistance could be easily monitored. The three-dimensional cultured cells possessed a proliferative ability closer to that of tumor cells in vivo, and exhibited a lower survival rate and enhanced drug resistance compared to those in two-dimensional cultured cells. Our results indicate that the two-dimensional cultured cells do not accurately simulate body tissues, while threedimensional cultured cells mimicked the behavioral characteristics of cells in vivo and can be utilized to closely imitate parent tissues. In conclusion, we have introduced a method of quickly fabricating microfluidic chips for multi-dimensional cell co-culture. These findings may have major implications for studies on chip fabrication, cell behavior, and pre-clinical drug screening.
